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Covalent attachment of the enzymes glucose oxidase and cata-
lase to carbon nanotubes enables the tandem catalytic conversion
of glucose and H2O2 formed to power autonomous movement of
the nanotubes.
From intracellular transport and cell division to muscle con-
traction, nature’s protein-based molecular motors1 serve as a
constant source of inspiration to scientists in developing both
biohybrid2–5 and wholly synthetic nano-devices6–11 powered
by light12–15 and chemical fuels.16–19 The chemical fuel dihy-
drogen peroxide has proven to be exceptionally versatile in
powering microscopic motion;20–25 however, for this fuel to be
applied successfully, eﬃcient conversion of chemical energy in
a controlled manner is essential to achieve motion at the level
seen in nature’s use of ATP. Bimetallic20–23,25 and molecular24
systems have been employed to drive objects of mm dimension
using dioxygen bubbles or concentration gradients formed by
the catalytic disproportionation of H2O2. However, with
H2O2, its inherent reactivity limits its application in practical
devices where such controlled energy release is required.
Here we describe a biohybrid system comprising enzyme
functionalized carbon nanotubes that show autonomous
translational movement. Covalent attachment of the enzymes
glucose oxidase and catalase to carbon nanotubes enables the
tandem catalytic conversion of the ubiquitous natural fuel
glucose to kinetic energy. Acting in concert, remarkably, these
two enzymes produce gaseous molecular dioxygen to propel
nanoobjects—rather than the anticipated mechanism invol-
ving dioxygen depletion—and provide exciting opportunities
towards both autonomous nanoscale transport within biolo-
gical microenvironments and in exploring the behaviour of
complex multienzyme ensembles.
In our approach, in situ generation and rapid consumption
of the H2O2 fuel from the relatively stable and ubiquitous
biomolecule b-D-glucose through enzymatic activation of di-
oxygen provides an attractive alternative to the direct use of
H2O2 as fuel. For the basic structure of the biohybrid propul-
sion system (Fig. 1) we chose multi-walled carbon nanotubes
(MWCNTs), taking advantage of their peculiar aspect ratio
and shape and the methods developed recently for their
covalent functionalization.26–33 Furthermore, MWCNTs func-
tionalized with biomolecules are attractive targets with poten-
tial application as cellular delivery vehicles.30–33 Water
solubilization, by oxidation under strongly acidic conditions
to introduce carboxylic acid groups at the periphery, of
commercial MWCNTs (diameter 20–80 nm, length 0.5–
5 mm)29,34 and puriﬁcation was followed by analysis and
structural characterization using transmission and scanning
electron (TEM, SEM) and atomic force (AFM) microscopic
techniques (see ESIw). The enzymes were coupled to the
carboxylic acid functionalized MWCNTs in aqueous solution
using the coupling reagent 1-ethyl-3-(3-dimethylaminopro-
pyl)-carbodiimide (EDC) in a phosphate buﬀer solution
(PBS).
Three diﬀerent conjugates were prepared (see ESI for
detailsw): 1 GOx functionalized MWCNTs; 2 catalase functio-
nalized MWCNTs; 3GOx–catalase functionalized MWCNTs.
The individual enzymes were coupled in conjugates 1 and 2 as
controls and in order to assess their structural and functional
integrity and stability when attached covalently to MWCNTs.
The loading of each enzyme onto the external surface of the
nanotubes was calculated both from assaying enzymatic ac-
tivity and from the unreacted enzyme remaining after the
coupling reaction (see ESIw). For compound 1 an average
loading of 296 mg of catalase per mg of nanotubes was
determined, whereas for 2, 680 mg of GOx per mg of nano-
tubes was found. The average enzyme coverage for compound
3 was ﬁxed at 50% each of the previous values for the
individual enzymes. For conjugate 3 a decrease in water
Fig. 1 A biohybrid propulsion system based on the enzymes glucose
oxidase (GOx) and catalase, immobilized covalently to water-soluble
MWCNTs bearing carboxyl functionalities. The conversion of glucose
by GOx produces dihydrogen peroxide, which is decomposed by
catalase to generate dioxygen gas bubbles which propel the MWCNTs.
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solubility was observed (o1 mg ml1) compared to 1 (stable
colloidal suspension 3.2 mg ml1) and 2 (stable colloidal
suspension 4.4 mg ml1). Aggregates of 3 featuring large linear
or spherical bundles ranging from 10–150 mm in length were
observed by optical microscopy (see ESIw). Therefore more
dilute aqueous solutions of 3 (typically 100 mg ml1) were used
for TEM, SEM and AFM imaging (Figs. 2 and 3).
Comparison of SEM images of oxidized MWCNTs
(Fig. 2A) and conjugate 3 (Fig. 2B), after sputtering with a
thin layer of Pt, revealed the coverage of the external surface
of the nanotubes with the enzymes. Several grains are present
on the surface and analysis of the grain size showed homo-
geneous enzyme coverage. AFM analysis established the
length of the MWCNTs prior to and after attachment of both
enzymes (as in 3) as well as the presence of the enzymes on the
walls as can be seen in Fig. 2C,D. Fourier-transform infrared
spectroscopic analysis of 1 and 2 veriﬁed that only a slight
modiﬁcation in secondary structure (a-helix and b-sheet) of
the enzymes is induced upon grafting to the MWCNT surface
if compared with the free enzyme (see ESIw).
Analysis of TEM images of 3 reveals the coverage of the
external surface of a carbon nanotube by the two enzymes in
detail (Fig. 3). In this case negative staining with uranyl
acetate was necessary to visualize the biomolecules. From
the heterogeneous distribution at the end section of the tube
and the dimensions (range 15–30 nm) (Fig. 3, inset), it is
reasonable to conclude that several enzyme units are present in
each enzyme aggregate.
Optical microscopy enables demonstration of autonomous
movement and the eﬀectiveness of the propulsion system due
to the concerted action of the two enzymes present in 3. When
a sample of 3 was dispersed in an aqueous phosphate buﬀered
solution at pH 6.8 on a glass cover-slip, with a continuous air
ﬂow over the liquid ﬁlm (suﬃciently gentle so as to maintain a
stable oxygen concentration in solution while not disturbing
the thin ﬁlm of liquid), in the presence of glucose (100 mM),
within a few seconds gentle bubbling of oxygen was observed.
The generation of oxygen bubbles induced a translational
motion of the small aggregates and bundles of functionalized
MWCNTs 3 in the thin liquid ﬁlm (Fig. 4A, see also video 1,
ESIw).
A number of mechanisms for generation of kinetic motion
using the catalytic decomposition of H2O2 have been pro-
posed, including the generation of oxygen concentration gra-
dients and oxygen bubble formation.20–25 In the present
system overall the oxidation of glucose by GOx and subse-
quent disproportionation of H2O2 by catalase leads to a
depletion in the local oxygen concentration and hence move-
ment driven by oxygen concentration gradients would be
anticipated. Remarkably, the co-immobilization of the GOx
and catalase enzymes, in mixed enzyme assemblies, enables the
formation of transiently high oxygen concentrations allowing
for oxygen bubble formation and, through this, movement of
the nanotube objects.
Depletion of oxygen in solution (i.e., by halting the con-
tinuous ﬂow of air) results eventually in a decrease in the
movement of 3 and a decrease in the size of the bubbles
Fig. 2 SEM and AFM images of nanotubes before and after attach-
ment of enzymes. SEM images of: (A) oxidized MWNT (diameter
30 nm) and (B) conjugate 3 (diameter 85 nm due to the presence of the
enzyme) after Pt treatment. Bar caption 1 mm. AFM analysis of: (C)
oxidizedMWNT and (D) conjugate 3 on a ﬂat silicon surface. Average
lengths of 1.1 mm and 0.97 mm were measured for C and D, respec-
tively. The edges of the tubes (D) are ill-deﬁned due to the presence of
the enzymes.
Fig. 3 Microscope image of carbon nanotube with enzymes attached.
TEM image of conjugate 3. The image was recorded at 100 kV after
negative staining with uranyl acetate. The MWCNT analyzed has an
outer diameter of 20 nm. Globular enzymatic particles have variable
dimensions (diameter 15–30 nm), suggesting additional aggregation
phenomena. The slow drying process of the specimen can induce
further aggregation of the biomolecules on the nanotubes. The inset
shows the distribution of the enzyme on the end part of the tube. Bar
caption 200 nm.
Fig. 4 Eﬀect of exclusion of oxygen on autonomous movement.
Observation by video-microscopy of conjugate 3 after addition of a
glucose (100 mM) solution under constant air ﬂow (A). TheMWCNTs
aggregates are visible as black irregular shapes. Bubbles generated
from the aggregate are visible as spherical objects. The trajectories of
autonomous movement of small aggregates of 3 are shown (see video
1, ESI). When air ﬂow is stopped (B), the rate of bubble formation is
reduced. In this case larger aggregates are observed. Bar caption
50 mm.
1534 | Chem. Commun., 2008, 1533–1535 This journal is c The Royal Society of Chemistry 2008
formed. GOx converts glucose into gluconolactone with mo-
lecular oxygen producing dihydrogen peroxide. Therefore
oxygen is required to sustain the conversion of glucose by
GOx. When catalase is present the H2O2 is disproportionated
into water and dioxygen with the formation of dioxygen
bubbles. Bubble formation is preferred rather than dissolution
of the dioxygen produced into the aqueous phase followed by
consumption in subsequent GOx enzymatic cycles. The pre-
sence of the continuous ﬂow of air or pure dioxygen over the
sample maintains the overall concentration of dioxygen in the
solution and hence the conversion of glucose. In accordance
with this rationale, a similar experiment with 3 under a pure
nitrogen ﬂow over the ﬁlm led to a complete cessation of the
bubble formation and the motion was limited, driven only by
the less eﬃcient production of gluconolactone and water. It
appears that most of the oxygen produced remains dissolved
and/or is consumed again by GOx.
Control experiments show that neither 1 nor 2 can engage in
the same autonomous motion observed for 3. The diﬀerence in
motility between 3, containing the enzyme propulsion system,
and the corresponding non-functionalized MWCNTs is ex-
empliﬁed further in experiments where mixtures of both types
of MWCNTs were examined (videos 1 and 2, see ESIw).
Furthermore, aggregates of 3 in thin solvent ﬁlms show that
translational movement induced by liquid ﬂow or eﬀects due
to temperature dependent Brownian motion is not signiﬁcant
with these nanometre size (200–800 nm) functionalized
MWCNT aggregates. The bundles and aggregates of 3, upon
addition of glucose, were propelled at a speed of approxi-
mately 0.2–0.8 cm s1 with the speed decreasing over several
minutes in accordance with the depletion of glucose in solu-
tion, thereby reducing enzymatic conversion, and leading to a
cessation of oxygen bubble formation (Fig. 4A, see also video
1, ESIw). However, analysis of the movement of much smaller
MWCNT bundles (o100 nm) shows liquid ﬂow and Brow-
nian motion contribute signiﬁcantly to the dynamic behaviour
of 3 (video 3, see ESIw).
Whereas the autonomous movement achieved with 3 is
chaotic, the trajectory in the liquid phase appears to be
dependent strictly on the shape of the aggregate as well as
the position of the enzymes on the MWCNTs. With the
present system all our observations point to a propulsion
mechanism resulting from local oxygen bubble formation.
These results indicate that directionality might be introduced
into these systems by controlling the shape of the aggregates
formed and by topological control of the coverage of the
nanotube by the enzymes.33,34 As discussed above, this is a
remarkable observation as in solution the non-concerted ac-
tion of GOx and catalase would act to deplete the concentra-
tion of molecular oxygen in solution. The approach taken here
demonstrates that when held in proximity the kinetic beha-
viour of mixed enzyme ensembles can surprise us and achieve
functions which are thermodynamically unexpected. These
preliminary observations will not only guide eﬀorts to control
directionality in these autonomously moving carbon nano-
tubes but oﬀer fascinating opportunities in exploring the
behaviour of complex multienzyme ensembles that are other-
wise inaccessible ex-vivo.
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